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E-mail address: epopova@abv.bg (E. Popova).The effect of blockade of voltage-gated sodium (Nav) channels by tetrodotoxin (TTX) on the V-log I func-
tion of the ERG b- and d-waves was investigated in light and dark adapted frog eyecups. TTX diminished
the b- and d-wave amplitude under both conditions of adaptation at all stimulus intensities except for
the middle intensity range in dark adapted eyes, where it had no effect on the b-wave amplitude. TTX
delayed the time course of the responses, obtained with low intensity stimuli and widened the dynamic
range of the b-wave. The inhibitory effect of TTX on the cone-mediated, but not rod-mediated b- and d-
wave amplitude persisted after the blockade of proximal retinal activity by NMDA, indicating that it may
be due to a blockade of Nav channels on the ON and OFF bipolar cells.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
It is well known that tetrodotoxin (TTX)-sensitive voltage-gated
sodium channels (Nav) are prominent and functional in retinal gan-
glion and amacrine cells. More recently, tetrodotoxin-sensitive Nav
channels have been obtained in some bipolar cells in several mam-
malian (rat, mouse and rabbit: Cui & Pan, 2008; Ma, Cui, & Pan,
2005; Mojumder, Frishman, Otteson, & Sherry, 2007; Pan & Hu,
2000; ground squirrel: Saszik & DeVries, 2005; human: Miyachi,
Kawai, Ohkuma, Horiguchi, & Ichinose, 2006; Ohkuma, Kawai,
Horiguchi, & Miyachi, 2007) and non-mammalian species (goldﬁsh:
Zenisek, Henry, Studholme, Yazulla, & Matthews, 2001; tiger sala-
mander: Ichinose, Shields, & Lukasiewicz, 2005). Voltage-gated so-
dium channels have been reported in both ON and OFF cone
bipolar cells in goldﬁsh (Zenisek et al., 2001) and rat (Cui & Pan,
2008; Pan & Hu, 2000), but only in ON bipolar cells in tiger
salamander (Ichinose et al., 2005) and ground squirrel (Saszik &
DeVries, 2005). TTX-sensitive Na+ currents have not been found
in mammalian rod bipolar cells (Pan & Hu, 2000). The functional
signiﬁcance of bipolar cell Nav channels is not yet fully understood.
One possible way for assessment of their function is by analysis of
the TTX effects on the ERG b- and d-waves, which are thought to
depend mainly on the activity of ON and OFF bipolar cells, respec-
tively (Dick & Miller, 1978; Dick, Miller, & Bloomﬁeld, 1985; Green
& Kapousta-Bruneau, 1999; Hanitzsch, Lichtenberger, & Mattig,
1996; Karwoski & Xu, 1999; Newman & Odette, 1984; Robson &
Frishman, 1995; Sieving, Murayama, & Naarendorp, 1994; Stockton
& Slaughter, 1989; Xu & Karwoski, 1994, 1995; Yanagida,ll rights reserved.Koshimizu, Kawasaki, & Yonemura, 1986). Many authors have
investigated the effect of TTX on the ERG waves, but the results
obtained are in some aspects contradictory. In mammalian retina
the effects of TTX appear to depend on the state of adaptation
and stimulus intensities used. In conditions of dark adaptation
TTX had no effect (Mojumder, Sherry, & Frishman, 2008) or caused
enhancement (insigniﬁcant rat: Bui & Fortune, 2003; signiﬁcant
rabbit: Dong & Hare, 2000) of the b-wave amplitude, recorded with
dim light stimuli. However, TTX did not alter the b-wave amplitude
(rabbit: Dong & Hare, 2000) or slightly reduced it (Mojumder et al.,
2008), when bright stimuli were used in dark adapted eyes. In con-
ditions of light adaptation TTX had slight enhancing (monkey:
Rangaswamy et al., 2004, 2007; Viswanathan, Frishman, Robson,
Harwerth, & Smith, 1999) or strong inhibitory effect on the b-wave
amplitude (rat: Bui & Fortune, 2003; Mojumder et al., 2008;mouse:
Miura, Wang, Ivers, & Frishman, 2009). It has also been found that
TTX delayed both the onset and time to peak of the b-wave and
made it more prolonged under all conditions of light adaptation
(Dong & Hare, 2000). Some authors have contributed the effects
of TTX on the b-wave to the altered activity of the third-order ret-
inal neurons only (Dong & Hare, 2000; Rangaswamy et al., 2004,
2007; Viswanathan et al., 1999), but other authors have shown
that the effects were entirely due to changes of the bipolar cell
activity (Mojumder et al., 2008). The effect of TTX on the d-wave
has not been commented in none of these studies. It has been only
shown that high concentrations of TTX almost completely elimi-
nated the OFF response as well as the b-wave in the light adapted
ERG of cat retina (Frishman & Steinberg, 1990).
There are no available data concerning the effect of TTX on the
ERG waves under different conditions of light adaptation in
amphibian retina. The early results of Murakami and Shigematsu
E. Popova, P. Kupenova / Vision Research 50 (2010) 88–98 89(1970) have shown that TTX did not produce appreciable changes
of the b- and d-wave amplitude in dark adapted frog retina. On the
other hand TTX caused signiﬁcant enhancement of the b-wave and
insigniﬁcant reduction of the d-wave amplitude, obtained under
photopic conditions in tiger salamander retina (Awatramani,
Wang, & Slaughter, 2001). Results obtained from transient ON
bipolar cells in tiger salamander retinal slices indicate that TTX re-
duced the cone-mediated EPSPs in dim light, but not bright light
adaptation conditions, indicating that TTX-sensitive Nav channels
might regulate retinal network adaptation (Ichinose & Lukasiewicz,
2007). Because TTX-sensitive Na currents have only been observed
in a subclass of bipolar cells (Cui & Pan, 2008; Pan & Hu, 2000;
Zenisek et al., 2001), it remains unknown what is the contribution
of these channels to overall sensitivity control in amphibian retina.
That’s why in the present study, we investigated the effect of TTX
on the V-log I function of the ERG b- and d-waves in a wide range of
stimulus intensities in conditions of dark and light adaptation.2. Material and methods
The experiments were carried out on eyecup preparations of
frog (Rana ridibunda), continuously superfused with Ringer solu-
tion at a rate of 1.8–2.0 ml/min and supplied with moistened O2
(for details see Popova & Kupenova, 2009). The activity of Nav
channels was blocked using tetrodotoxin (TTX – Sigma), dissolved
in Ringer solution to a concentration of 3 lM. This concentration
was proved to be sufﬁcient for blockade of the ganglion cells spike
activity in our eyecup preparations. The activity of proximal retina
was blocked by using 1 mM N-methyl-D-aspartate (NMDA –
Sigma).
2.1. Light stimulation
Diffusewhite light stimuli (150Wtungstenhalogen lamp)with5
s duration were repeated at interstimulus interval of 25 s. The test
stimulus intensity (It) was changed in an ascending manner over a
rangeof11 logunits bymeansof neutral densityﬁlters. Themaximal
intensity (denoted by 0)was 6  108 quanta s1lm2 at the plane of
the retina. The test stimuli were presented in the dark or under dif-
fusewhitebackground illuminationwith intensityof2.4 log. These
light stimulation conditions allowed us to obtain rod-dominated
responses (using low It in dark adapted eyes) and cone-dominated
responses (using high It in dark adapted eyes or using rod-saturating
background). The typeof photoreceptor inputwasprovedbyERG re-
sponse spectral sensitivity assessment. A clear Purkinje shift (from
500 nm to 568 nm) was demonstrated during transition from dark
to light adaptation. The same was true, when low intensity stimuli
were substituted by high intensity stimuli in the dark adapted eyes.3. Experimental procedure
The frogs were dark adapted for 24 h and then eyecups were
prepared under dim red light. The test light stimulation started
after a period of adaptation – 30 min in the dark or 15 min under
photopic background.
In a group of experiments the effect of 3 lM TTX (Ringer solu-
tion in controls resp.) was followed for a period of 25 min in phot-
opic conditions using log It = 3.0.
In the other groups of experiments after the period of dark or
light adaptation, the V-log I function of the ERG waves was ob-
tained using stimuli with increasing intensity (ﬁrst series). The
procedure of adaptation and test stimulation was then repeated
and second V-log I function was obtained (second series). In the
control experiments both series were obtained during perfusion
with Ringer solution. In the test experiments the ﬁrst V-log I func-tion was obtained during Ringer solution perfusion and the second
one – during perfusion with 3 lM TTX. The perfusion was switched
from Ringer solution to 3 lM TTX 10 min before the beginning of
the second intensity series, when the effect of the drug was fully
developed (see Fig. 1). In another group of experiments the effects
of perfusion with combination of TTX+NMDA were investigated
and compared to the effects of perfusion with TTX or NMDA alone.
The NMDA effects on the ERG waves are represented in our recent
paper (Popova & Kupenova, 2009).
3.1. ERG recording and data analysis
The electroretinograms were recorded by means of non polar-
ized Ag/AgCl electrodes at bandpass of 0.1–1000 Hz and digitized
at 1 kHz. The amplitude of the ERG waves was measured from peak
to peak. For assessment of the relative amplitude change at each It,
the values obtained in the second intensity series were normalized
to the values obtained in the ﬁrst series (%). This was done for both
the control and test experiments. The peak amplitudes of the re-
sponses to stimuli of different Itwere used for V-log I function eval-
uation. The absolute sensitivity of the ERG responses was assessed
by their thresholds, estimated using 5 lV criterion amplitude. The
b-wave V-log I function was ﬁtted to the Naka–Rushton equation:
V = Vmax In/(Irn + In), where V, amplitude of the ERG waves; Vmax, its
maximum; I, stimulus intensity above the background; Ir, stimulus
intensity required to produce half-maximum amplitude; n, expo-
nent, related to the steepness of the V-log I function. The value of
Irwas used as an index of the response relative sensitivity. The dy-
namic range of the responses was estimated as intensity span of
the responses with 5–95% Vmax amplitude. The V-log I function of
the d-wave had a more complex character and it could not be ﬁtted
well to Naka–Rushton equation (for details see Popova, Kupenova,
Vitanova, & Mitova, 1995). Individual V-log I curves of the d-wave
were constructed, then Vmax and It, producing 0.5 Vmax (Ir), were
obtained after curve smoothing using B-spline. The complex char-
acter of the d-wave V-log I function did not allow us to determine
its dynamic range.
For statistical evaluation of the data, Student’s t-test (indepen-
dent and paired), Two-Way ANOVA (alpha = 0.05) and Pearson cor-
relation coefﬁcient (R) were used.4. Results
4.1. Light adaptation group
4.1.1. Experiments with one stimulus intensity
These experiments were carried out in order to evaluate the
time course of the TTX effects. ERG was ﬁrstly recorded for 5 min
in control conditions (during perfusion with Ringer solution) and
then during perfusion with solution of TTX for another 25 min.
Switching the perfusion to 3 lM TTX caused signiﬁcant diminution
of the b- and d-wave amplitude (Fig. 1). The effect on the ERG
waves reached a plateau at the 10th min from the beginning of
TTX perfusion and was stable until the end of the perfusion period.
The b- and d-wave amplitudes recovered to a great degree during
reperfusion with Ringer solution (Fig. 1 inset).
4.1.2. Experiments with stimulus intensity series
The b- and d-wave V-log I functions in the control experiments of
this group showed differences between the ﬁrst and second inten-
sity series in one and the same eyecup only in the higher intensity
range, where the responses had greater amplitude in the second
series in comparison to the ﬁrst one (Fig 2a and b). The absolute
and relative sensitivity of the b- and d-waves as well as the dy-
namic range of the b-wave were not signiﬁcantly different in the
Fig. 1. Time course of the TTX effect on the amplitude of the b-wave (left) and d-wave (right), obtained with It = 3.0 in light adapted eyes. Results of both control (open
symbols; n = 6) and test (ﬁlled symbols; n = 6) experiments are represented. The amplitudes of the ERG waves are normalized to the values obtained just prior to TTX
treatment. The time, when the perfusion was switched to TTX, is indicated by arrow. Mean values ± SEM are shown. Inset: original ERG records (b- and d-waves), obtained
during the perfusion with Ringer in the control period (upper row), TTX (middle row) and Ringer in the recovery period (13th min after TTX washout; lower row). Calibration:
time – 200 ms; amplitude – 100 lV.
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parameters using the ﬁrst series of the test experiments as a con-
trol one.
The perfusion with TTX in the test experiments caused a diminu-
tion of the b- and d-wave amplitude (Fig. 2c and d). The relative
change of the amplitude of the ERG waves, caused by TTX, differed
signiﬁcantly (Two-Way ANOVA p < 0.000001) from that in the con-
trol experiments at all stimulus intensities (Fig. 3a and b). The
inhibitory effect of TTX on the b- and d-wave amplitude showed
clear intensity dependence. It was greatest at very low (threshold)
stimulus intensities and was less pronounced at higher intensities.
The Two-Way ANOVA showed signiﬁcant interaction between the
effect of TTX and stimulus intensity (p < 0.000001) and the value of
the correlation coefﬁcient was also high (R = 0.65 for b-wave,
R = 0.58 for d-wave). The absolute sensitivity of both the b- and
d-waves was decreased, which was evident from the signiﬁcantly
higher values of their thresholds. The threshold of the b-wave
was elevated from 4.64 ± 0.10 to 4.34 ± 0.06 (p < 0.0015) and
that of the d-wave from 4.55 ± 0.08 to 4.28 ± 0.06 (p < 0.0003).
The relative sensitivity of the b-wave remained unchanged, but
that of the d-wave was slightly decreased (Ir increased from
2.75 ± 0.06 to 2.66 ± 0.07, p < 0.007). The inhibitory effect of
TTX on the d-wave amplitude was stronger than that on the b-
wave at all except the lowest intensities, which resulted in in-
creased b/d amplitude ratio in the middle and higher intensity
range (Fig 3c). The dynamic range of the b-wave was signiﬁcantly
narrowed after the TTX treatment – from 2.48 ± 0.09 log units it
became 2.30 ± 0.06 log units (p < 0.04). TTX slowed down the time
course of the b- and d-waves at the lowest stimulus intensities and
had no such effect at higher intensities (Fig. 3d, Table 1). These re-
sults imply that one of the functions of TTX-sensitive Na channelsis to speed the time course and augment the amplitude of the
threshold photopic ERG responses.
In order to obtain data about the retinal location of TTX effectswe
blocked the activity of third-order retinal neurons by using the glu-
tamate agonist N-methyl-D-aspartate (NMDA). It is known that
NMDA depolarizes amacrine and ganglion cells and eliminates their
light responses (Coleman & Miller, 1988; Dixon & Copenhagen,
1992; Hare & Wheeler, 2009; Slaughter & Miller, 1983; Stockton &
Slaughter, 1989), but has no effect on the light responses of photore-
ceptors and distal retinal neurons (Krizaj, Akopian, & Witkovsky,
1994; Massey & Miller, 1987; Slaughter & Miller, 1983; Stockton &
Slaughter, 1989). In our experiments the perfusion with 1 mM
NMDA caused marked increase of the b-wave amplitude at all but
the lowest intensities (4.5 and4.0) and diminution of the d-wave
amplitude at all stimulus intensities (Fig 4).When TTXwas added to
NMDA, the effects of TTX on both the b- and d-wave amplitudewere
preserved. The b-wave amplitude during NMDA+TTX perfusionwas
signiﬁcantly lower than that during the NMDA perfusion only at all
stimulus intensities (Two-Way ANOVA p < 0.000001; Fig 4a). The
amplitudedifferencewasalmost the sameas thedifferencebetween
TTX and control experiments, indicating that the inhibitory effect of
TTX on the b-wave amplitudewas fully developed in the presence of
NMDA. The effect of TTX on the time characteristics of the b-wave
obtained with near threshold stimuli was also preserved (Table 1),
althoughNMDA alone did not alter them. Interestingly in the higher
intensity range, theperfusionwith TTX+NMDAdelayed signiﬁcantly
both the onset and time to peak of the b-wave and led to the appear-
ance of an additional positive hump on the descending limb of the
b-wave (Fig 4c). Neither TTX nor NMDA alone caused such an effect.
The inhibitory effect of TTXon thed-wavewas also preservedduring
the blockade of proximal retinal activity. Perfusionwith TTX+NMDA
ac d
b
Fig. 2. Effect of TTX on the V-log I function of the b- and d-waves in the ERG, obtained in light adapted eyes. Results of both control (a and b; n = 9) and test (c and d; n = 9)
experiments are represented. The amplitudes of ERG waves are normalized to Vmax of the responses in the ﬁrst series of the experiments ((a) Vmax = 205 ± 31.23 lV; (b)
Vmax = 272 ± 39.68 lV; (c) Vmax = 210 ± 24.65 lV; (d) Vmax = 276 ± 32.33 lV). Mean values ± SEM are shown. The symbols, representing the responses obtained during the ﬁrst
and second intensity series, are denoted in the legends.
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intensities,whichwasequal or evengreater than the sumof the inhi-
bition caused byNMDA and TTX alone (Fig 4b). The effectwas stron-
gest at the lowest stimulus intensities, where the positive d-wave
was substituted by a negative OFF response (Fig 4c). NMDA did not
prevent the TTX effect on the time characteristics of the d-wave in
the lower intensity range as well. Both the latency and time to peak
of the d-wavewere delayed (Table 1), althoughNMDA alone did not
alter them. Similarly to the b-wave, perfusion with TTX+NMDA slo-
wed down the time course of the d-wave in the higher intensity
range (Table 1), although such an effect was not observed during
theperfusionwithTTXorNMDAalone. The results obtained indicate
that the activity of third-order retinal neurons is not essential for the
inhibitory effect of TTX on the photopic b- and d-waves.
4.2. Dark adaptation group
In the control experiments of this group the V-log I function of
the b- and d-waves showed no signiﬁcant differences between
the ﬁrst and second intensity series in one and the same eyecup
with the exception of a slight enhancement of the d-wave ampli-
tude at lower, rod-dominated part of the curve during the second
series (Fig. 5a and b). The sensitivity of the responses as well asthe dynamic range of the b-wave was practically identical in both
intensity series.
In the test experiments TTX effect on the ERG waves depended on
stimulus intensity used. TTX caused signiﬁcant diminution of the b-
wave amplitude, obtainedwith low and high intensity stimuli (Two-
WayANOVA p < 0.00007), but hadno effect on it in themiddle inten-
sity range (Fig 5c). Two-way ANOVA showed signiﬁcant interaction
between TTX effect and stimulus intensity (p < 0.0002). The inhibi-
tory effect was most pronounced at the lowest stimulus intensities
(Fig 6a), leading to increased value of the b-wave threshold (from
11.25 ± 0.07 to 10.86 ± 0.08; p < 0.0005). The decreased ampli-
tude was accompanied by a slower time course of the responses in
the lower intensity range (Table 1, Fig 6d). The absolute sensitivity
of the b-wave was decreased, but its relative sensitivity remained
unchanged, because TTX had no effect in themiddle intensity range,
where Ir point was located. The inhibitory effect of TTX was less
expressed in the higher intensity range, where the time characteris-
tics of the responses remained unchanged. Neither latency nor the
time to peak of the responses to higher stimulus intensities was sig-
niﬁcantly altered after TTX treatment (Table 1). TTX signiﬁcantly
narrowed the dynamic range of the scotopic b-wave (from
7.4 ± 0.19 to 6.86 ± 0.19 log units, p < 0.01), which was similar to
the effect observed for the photopic b-wave.
a b
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Fig. 3. (a) and (b) Relative change of the ERG b-wave (left) and d-wave (right) amplitude in control (open symbols) and test (ﬁlled symbols) experiments in light adapted
eyes. The amplitudes of the ERG waves, obtained at each It during the second stimulus intensity series were compared to those, obtained during the ﬁrst series. (c) Changes in
the b/d amplitude ratio in test experiments in light adapted eyes. Means ± SEM are represented. The symbols are denoted in the legends. (d) Original ERG records, obtained
with different stimulus intensities during the control period (black lines) and during the treatment with TTX (gray lines). The numbers on the left side indicate stimulus
intensity (lg It). Calibration: time – 500 ms, amplitude – 50 lV.
Table 1
Effects of TTX and TTX+NMDA on the time characteristics of the ERG b- and d-wave in light and dark adapted eyes.
Wave Latency (ms) Time to peak (ms)
Low It High It Low It High It
Control Test Control Test Control Test Control Test
Light adapted
TTX b-wave 140 ± 7.49 164 ± 7.79 103 ± 6.97 102 ± 4.17 245 ± 12.39 285 ± 17.49 240 ± 11.97 250 ± 10.58
p < 0.004 p < 0.013
d-wave 98 ± 7.11 128 ± 8.90 81 ± 5.52 76 ± 5.59 167 ± 14.91 225 ± 15.16 155 ± 9.93 139 ± 5.43
p < 0.0009 p < 0.007
TTX+NMDA b-wave 141 ± 6.08 181 ± 8.38 105 ± 5.05 122 ± 7.15 245 ± 13.54 304 ± 10.98 291 ± 11.41 340 ± 11.76
p < 0.0002 p < 0.0008 p < 0.00004 p < 0.00009
d-wave 116 ± 7.00 142 ± 9.39 91 ± 5.95 108 ± 4.26 171 ± 10.04 248 ± 26.92 173 ± 10.07 289 ± 12.03
p < 0.003 p < 0.01 p < 0.02 p < 0.04
Dark adapted
TTX b-wave 293 ± 8.99 339 ± 17.58 100 ± 4.74 99 ± 6.33 688 ± 19.51 748 ± 25.17 298 ± 9.35 311 ± 9.23
p < 0.006 p < 0.002
d-wave 462 ± 55.33 557 ± 43.84 89 ± 8.23 95 ± 7.62 1066 ± 67.34 1149 ± 61.42 203 ± 13.94 214 ± 13.66
p < 0.002 p < 0.05
TTX+NMDA b-wave 315 ± 14.60 428 ± 17.72 98 ± 4.74 116 ± 4.81 751 ± 44.07 888 ± 46.13 398 ± 74.97 446 ± 74.13
p < 0.0000003 p < 0.03 p < 0.0000006 p < 0.000006
d-wave 438 ± 29.37 491 ± 26.12 110 ± 12.83 159 ± 18.00 954 ± 49.86 1074 ± 54.52 226 ± 13.06 262 ± 26.30
p < 0.005 p < 0.003 p < 0.03
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Fig. 4. (a) and (b) Effects of TTX+NMDA, NMDA and TTX on the V-log I function of the b-wave (left) and d-wave (right) in the ERG, obtained in light adapted eyes. The
amplitudes of ERG waves are normalized to Vmax of the responses in the ﬁrst series of the experiments. Mean values ± SEM are shown (TTX n = 9; TTX+NMDA n = 11; NMDA
n = 11). The symbols, representing the responses obtained during the perfusion with TTX+NMDA, NMDA, TTX and Ringer solution (second series) are denoted in the legends.
(c) Original ERG records, obtained with different stimulus intensities during the control period (black lines) and during the treatment with NMDA and TTX+NMDA (gray lines).
The numbers on the right side indicate stimulus intensity (lg It). Calibration: time – 500 ms, amplitude – 50 lV.
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whole intensity range (Fig. 5d). The relative change of the ampli-
tude after TTX treatment differed signiﬁcantly from that in the
control experiments at all stimulus intensities used (Two-Way AN-
OVA p < 0.000001). As the d-wave threshold in the test experi-
ments slightly increased (from 10.14 ± 0.18 to 9.94 ± 0.21),
but that in the control experiments slightly decreased (from
10.19 ± 0.24 to 10.38 ± 0.25), the difference between them
was statistically signiﬁcant (p < 0.015). This result indicated that
the absolute sensitivity of the d-wave was decreased under the
inﬂuence of TTX. The time course of the d-wave was also slowed
down in the lower intensity range (Table 1). There was no strong
correlation between the inhibitory effect of TTX on the dark
adapted d-wave and stimulus intensity (R = 0.01). However, the
relative sensitivity of the OFF response was slightly increased
(value of Id decreased from 5.39 ± 0.11 to 5.64 ± 0.10,
p < 0.009), because of some less expressed inhibition in the middle
than in the lower intensity range (Fig. 6b). The inhibitory effect of
TTX in the higher intensity range was not accompanied by changes
in the time characteristics of the responses (Table 1). The compar-
ison of the inhibitory effect of TTX on the b- and d-wave amplitude
showed that it was expressed to nearly the same extent in the rod-
dominated part of the V -log I function, while, in the cone-domi-
nated part of the function, the d-wave amplitude was affected to
a greater degree (Fig. 6c). This led to a signiﬁcantly greater valueof the b/d amplitude ratio in the higher (Two-Way ANOVA
p < 0.0001), but not in the lower intensity range.
Blockade of proximal retinal activity with 1 mM NMDA had dif-
ferent effect on the ERG waves in the lower and higher intensity
range. NMDA caused signiﬁcant diminution of the b-wave and no
signiﬁcant change of the d-wave amplitude, obtained with low
intensity stimuli. However, it caused a signiﬁcant enhancement
of the b-wave and diminution of the d-wave amplitude, when high
intensity stimuli were presented (Fig 7). NMDA signiﬁcantly in-
creased the latency and time to peak of the rod-mediated b-wave,
but had no effect on the time course of the cone-mediated b-wave.
NMDA had no signiﬁcant effect on the time characteristics of the d-
wave. Perfusion with combination of TTX+NMDA had the same ef-
fects on the b- and d-wave amplitude in the lower intensity range
as the perfusion with NMDA alone (Fig 7a and b). No signiﬁcant
difference was obtained between ERG wave amplitudes during
perfusion with NMDA+TTX and NMDA alone in the rod-dominated
part of the curves (Two-Way ANOVA p > 0.05). But the time course
of both the b- and d-waves was slowed down (Table 1). It was
interesting to observe that the mean changes of the latency and
peak latency of the b-wave was equal to the sum of changes caused
by TTX and NMDA alone. These results indicated that inhibitory ef-
fect of TTX on the rod-dominated b- and d-wave amplitude, but
not on their time course, depended entirely on the function of
the third-order retinal neurons. On the other hand, the inhibitory
a b
dc
Fig. 5. Effect of TTX on the V-log I function of the b- and d-waves in the ERG, obtained in dark adapted eyes. Results of both control (a and b; n = 10) and test (c and d; n = 11)
experiments are represented. The amplitudes of ERG waves are normalized to Vmax of the responses in the ﬁrst series of the experiments ((a) Vmax = 195 ± 34.00 lV; (b)
Vmax = 140 ± 39.68 lV; (c) Vmax = 190 ± 14.54 lV; (d) Vmax = 137 ± 14.37 lV). Mean values ± SEM are shown. The symbols, representing the responses obtained during the ﬁrst
and second intensity series, are denoted in the legends.
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sity range was preserved in presence of NMDA. The b-wave ampli-
tude during NMDA+TTX perfusion was lower than that during the
NMDA perfusion (Two-Way ANOVA p < 0.000001) and the ampli-
tude difference was equal or even greater than the amplitude dif-
ference obtained between the experiments with TTX treatment
and control experiments (Fig 7a). The time course of the b-wave
was signiﬁcantly slowed down (Table 1) although neither TTX
alone nor NMDA alone had such an effect. The effect was similar
to that observed in light adapted eyes, when high intensity stimuli
were presented. The diminution of the d-wave amplitude was also
equal or even greater than the sum of the inhibitory effects of
NMDA and TTX alone (Fig 7b). In many of the experiments the po-
sitive d-wave disappeared and was substituted by a negative com-
ponent. It was especially evident in the middle intensity range,
where transition from rod- to cone-dominated responses occurred.
In the higher intensity range only a small positive component was
preserved, which had delayed onset (Fig 7c).5. Discussion
Our results clearly demonstrate that the blockade of Nav chan-
nels by TTX signiﬁcantly diminishes the b- and d-wave amplitude
both in dark and light adapted eyes. The inhibitory effect of TTX isgreatest at threshold intensities, where the effect on the amplitude
is accompanied also by a slower time course of the responses. This
result indicates that the absolute sensitivity of the rod and cone-
mediated ERG b- and d-wave depends signiﬁcantly on the function
of Nav channels. These channels not only enhance the amplitude,
but also speed up the time course of the threshold responses. An-
other function of Nav channels seems to be a widening of the dy-
namic range of the ERG ON response, because their blockade by
TTX leads to narrowing of the b-wave dynamic range both in dark
and light adapted eyes. The increased absolute sensitivity and the
faster time course of the threshold responses along with the wid-
ened dynamic range of the b-wave might be the contribution of
Nav channels to the retinal sensitivity control. It seems that these
channels are not an important determinant of the relative sensitiv-
ity of the ERG waves, although they may inﬂuence slightly the rel-
ative sensitivity of the d-wave.
We suggest that the TTX effect on the cone-mediated b -and d-
wave amplitude is due mainly to blockade of Nav on the distal ret-
inal neurons and not to blockade of Nav on the third-order retinal
neurons. This suggestion is supported by our present results indi-
cating that the inhibitory effect of TTX on the b- and d-wave ampli-
tude, obtained in conditions favoring cone responses (light adapted
eyes and higher intensity range in dark adapted eyes), persists after
blockade of proximal retinal activity by NMDA. Our results are con-
sistent with the results of some of the authors working on mam-
a b
c d
Fig. 6. (a) and (b) Relative change of the ERG b-wave (left) and d-wave (right) amplitude in control (open symbols) and test (ﬁlled symbols) experiments in dark adapted eyes.
The amplitudes of the ERG waves, obtained at each It during the second stimulus intensity series were compared to those, obtained during the ﬁrst series. (c) Changes in the
b/d amplitude ratio in test experiments in dark adapted eyes. Means ± SEM are represented. The symbols are denoted in the legends. (d) Original ERG records, obtained with
different stimulus intensities during the control period (black lines) and during the treatment with TTX (gray lines). The numbers on the left side indicate stimulus intensity
(lg It). Calibration: time – 500 ms, amplitude – 50 lV.
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the cone-mediated b-wave (Bui & Fortune, 2003; Miura et al.,
2009; Mojumder et al., 2008). Some of these authors have observed
that the inhibitory effect of TTX increases with the increase of
stimulus energy (Mojumder et al., 2008). The same dependence
was demonstrated in our experiments if taken into account the
absolute change of the b-wave amplitude. But if the relative ampli-
tude change is taken into account, an opposite dependence was re-
vealed – the b-wave diminution was greatest at the lowest
stimulus intensities. We could not compare this result with the re-
sults of Mojumder et al. (2008), because they have not calculated
the relative amplitude change. The nearly parallel downward shift
of the cone-mediated b-wave intensity-response function after
TTX injection, reported by the same authors (Mojumder et al.,
2007), is consistent with our results for lack of change in b-wave
relative sensitivity. The persistence of the TTX effect on the cone-
mediated b-wave amplitude after inner retinal activity blockade,
which was demonstrated in our experiments, is also consistent
with the results obtained in mammalian retina (Mojumder et al.,
2008). It has been demonstrated that TTX retains its full effect in
the presence of NMDA and glutamate receptor blocker CNQX,
which block light-evoked responses of all second- and third-order
neurons other than ON cone bipolar cells, suggesting that TTX ex-
erts its effects on the b-wave through Nav channels located in ON
bipolar cells themselves. Our results suggest that, in the frog retina,
the inhibitory effect of TTX on the cone-mediated b- and d-waveamplitude is probably due to a direct action of TTX on Nav channels
in the ON and OFF bipolar cells. A presence of Nav channels on both
ON and OFF cone bipolar cells has been reported in goldﬁsh (Zeni-
sek et al., 2001) and rat (Cui & Pan, 2008), while in tiger salaman-
der and ground squirrel Na+ current has been reported only in ON
bipolar cells (Ichinose et al., 2005; Saszik & DeVries, 2005). Our re-
sults support the suggestion that in frog retina both ON and OFF
bipolar cells express Nav channels. The functional signiﬁcance of
Nav channels appears to be greater for the OFF than ON bipolar
cells, because the b/d amplitude ratio signiﬁcantly increased dur-
ing TTX treatment in conditions favoring cone responses (except
for threshold ones). This result might be explained on the basis
of knowledge of the activation and inactivation properties of Nav
channels on the ON and OFF bipolar cells. It has been shown that
sodium current through Nav channels in amphibian ON bipolar
cells is activated at 60 mV and at more positive potentials. The
current begins to inactivate at potentials more positive than
60 mV, being fully inactivated at 20 mV with inactivation half
complete at a potential of 37.5 mV (Ichinose et al., 2005). There
are no available data concerning the properties of Nav channels
in amphibian OFF bipolar cells, but in mammalian retina it has
been shown that they are similar to those of the ON bipolar cells
(Pan & Hu, 2000). The dark membrane potentials of bipolar cells
are believed to be around 40 to 45 mV (Pan & Hu, 2000) with
ON bipolar cells depolarizing and OFF bipolar cells hyperpolarizing
in response to light stimulation. We might suggest that some of the
ca b
Fig. 7. (a) and (b) Effects of TTX+NMDA, NMDA and TTX on the V-log I function of the b-wave (left) and d-wave (right) in the ERG, obtained in dark adapted eyes. The
amplitudes of ERG waves are normalized to Vmax of the responses in the ﬁrst series of the experiments. Mean values ± SEM are shown (TTX n = 10; TTX+NMDA n = 14; NMDA
n = 8). The symbols, representing the responses obtained during the perfusion with TTX+NMDA, NMDA, TTX and Ringer solution (second series) are denoted in the legends. (c)
Original ERG records, obtained with different stimulus intensities during the control period (black lines) and during the treatment with NMDA and TTX+NMDA (gray lines).
The numbers between the traces indicate stimulus intensity (lg It). Calibration: time – 500 ms, amplitude – 50 lV.
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in dark and they could not contribute to their depolarizing light re-
sponse. On the other hand, the light-evoked hyperpolarization of
OFF bipolar cell may partially remove the inactivation of the so-
dium channels. Therefore the Naþv channels might contribute to a
greater extent to the depolarizing responses of OFF bipolar cells
at stimulus offset than to the depolarizing responses of ON bipolar
cells at stimulus onset. This suggestion is consistent with our pres-
ent results showing a greater inﬂuence of TTX on the d- than b-
wave amplitude.
TTX not only diminished the amplitude but also delayed the
time course of the threshold cone-mediated b- and d-wave. The
delayed time course of the b-wave under the inﬂuence of TTX
has been reported for the rabbit ERG at all stimulus intensities
(Dong & Hare, 2000). We did not obtain signiﬁcant effect of TTX
on the time characteristics of the cone-mediated b- and d-wave
at higher intensities. Such an effect was evident only after blockade
of inner retinal activity with NMDA. In some of the eyecups a po-
sitive hump on the descending limb of the b-wave appeared during
the perfusion with NMDA+TTX. The blockade of inner retinal feed-
back mechanisms onto bipolar cells by NMDA might contribute to
the prolonged trailing edge of the b-wave as it has been suggested
by Dong and Hare (2000). Our results imply that, in frog retina,such contribution could be demonstrated only when the Nav chan-
nels on bipolar cells are blocked by TTX. Our results are not consis-
tent with the results of Awatramani et al. (2001), who have
obtained insigniﬁcant enhancement of the photopic b-wave caused
by TTX in tiger salamander retina. On the other hand, Ichinose and
Lukasiewicz (2007) have shown that TTX reduced the cone-medi-
ated light evoked EPSPs in transient ON bipolar cells in dim, but
not bright light adaptation conditions in tiger salamander slice
preparations. It has been also shown that TTX reduced the light
evoked EPSPs in bright light, when slices were pretreated with
D1 receptor antagonist, leading to the suggestion that dopamine,
released in bright light, attenuates the sodium channel-dependent
ampliﬁcation of L-EPSPs. It seems that in frog retina as well as in
mammalian retina, dopamine does not play such crucial role, be-
cause the blockade of Nav channels causes signiﬁcant diminution
of the photopic b- and d-wave amplitude without pretreatment
with dopamine antagonist.
We suggest that the inhibitory TTX effect on the rod-mediated
b- and d-wave amplitude is due mainly to blockade of Nav channels
on the third-order neurons. This suggestion is supported by our re-
sults showing that the blockade of proximal retinal activity by
NMDA prevented TTX effect on the b- and d-wave amplitude.
Our results are consistent with the results obtained in mammalian
E. Popova, P. Kupenova / Vision Research 50 (2010) 88–98 97retina. It has been shown that TTX signiﬁcantly diminished and
slowed down the rod-mediated scotopic threshold response in
mammalian ERG (Bui & Fortune, 2003; Mojumder et al., 2008).
The effect of TTX was prevented after optic nerve transection
(Bui & Fortune, 2003) and inner retinal blockade by NMDA
(Mojumder et al., 2008). The mammalian scotopic threshold re-
sponse can be distinguished from the scotopic b-wave, obtained
with higher stimulus intensities, because of their different polarity.
In frog vitreal ERG they are of the same positive polarity and could
not be differentiated. That’s why we denote the threshold rod dri-
ven ON and OFF response as b- and d-wave respectively. In our
study the blockade of third-order neurons prevented TTX effect
on the rod-mediated b- and d-wave amplitude, but not on the time
course of the responses. The latter effect of TTX might be due to an
action of the blocker on the distal retinal neurons. We could not
point out the site of this TTX action. As the bipolar cells in frog ret-
ina receive mixed input from rods and cones (Gabriel & Wilheim,
2001), their Nav might be responsible for speeding up of the rod-
mediated light responses without an augmentation of their ampli-
tude. TTX-sensitive sodium currents have been found in photore-
ceptors and horizontal cells of mammalian and non-mammalian
retina (ﬁsh: Lasater, 1986; skate: Malchow, Qian, Ripps, & Dowling,
1990; cat: Ueda, Kaneko, & Kaneda, 1992; turtle: Martin, Anderton,
Bursill, Le Dain, & Millar, 1996; human: Kawai et al., 2005; Mojum-
der et al., 2007). Because these cells hyperpolarize in response to
light, whereas Nav open when membranes depolarize, their light-
evoked responses are not likely to be involved in the observed
TTX effects, as it has been suggested by other authors (Mojumder
et al., 2008).
We obtained that TTX had no apparent effect on the b-wave
amplitude in dark adapted eyes in the middle intensity range,
where transition from rod- to cone-dominated responses occurred.
The same phenomenon could be seen in Fig. 2 of Mojumder et al.
(2008) paper, although the authors have not commented it. The
cause for the lack of apparent TTX effect at these intensities might
be the action of two opposite processes on the b-wave generating
mechanisms – a direct inhibitory effect of TTX on the ON bipolar
cells and an indirect enhancing effect produced by a blockade of
Nav channels on the inhibitory inner retinal neurons. This sugges-
tion is supported by the fact, that at these intensities a transition
from overall inhibitory to overall enhancing effect occurs during
the proximal retinal activity blockade by NMDA. The same is not
true for the d-wave, because NMDA has inhibitory, but not enhanc-
ing effect on the cone-dominated part of the V-log I function in the
dark adapted eyes. Thus, the inhibitory effect of TTX on the OFF
bipolar cells is not opposed by its action on the proximal inhibitory
neurons and we observed diminution of the d-wave amplitude in
the whole intensity range in the dark adapted eyes.
In conclusion, our results show that the TTX-sensitive Nav chan-
nels take part in the generation of both the rod- and cone-domi-
nated b- and d-wave in the frog ERG. Their participation seems
to be very important for generation of the threshold responses, be-
cause they augment their amplitude and speed up their time
course. Thus, the TTX-sensitive Nav channels may contribute to
achievement of high absolute sensitivity of the retina in conditions
of dark and light adaptation. An important consequence of the
strong enhancing effect of Nav channels exerted at the lower stim-
ulus intensities is also a widening of the dynamic range of the b-
wave, so that dynamic increment responses can be obtained over
a greater range of stimulus intensities.References
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